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This paper studies the adverse environmental impacts of atomic layer deposition (ALD) 
nano-manufacturing technology on ALD of Al2O3 nano-scale thin films. Numerical 
simulations with detailed ALD surface reaction mechanism developed based on Density 
Functional Theory (DFT), and atomic-level calculations are performed to investigate the 
effects of four process parameters including process temperature, pulse time, purge time, and 
carrier gas flow rate on ALD film deposition rate, process emissions and wastes. Full-cycle 
ALD simulations reveal that the depositions of nano-thin-films in ALD are in essence the 
chemisorption of the gaseous species and the conversion of surface species. Methane 
emissions are positively proportional to the film deposition process. The studies show that 
process temperature fundamentally affects the ALD chemical process by changing the energy 
states of the surface species. Pulse time is directly related to the precursor dosage. Purge time 
influences the ALD process by changing the gas-surface interaction time, and higher carrier 
gas flow rate alters the ALD flow field by accelerating the convective heat and mass transfer 
in ALD process. 
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1 Introduction 
As a vapor-phase additive nano-manufacturing technique with capabilities to deposit thin 
films with extremely uniform surface in atomic level, atomic layer deposition (ALD) has 
attracted extensive attentions from both academia and industry in the context of 
miniaturization of electronic devices driven by the consumer electronic products in recently 
years [1-3]. ALD has been extensively adopted in the microelectronics industries, and it is on 
rapid expansions to other cutting-edge fields, such as energy conversion and storage, medical 
and environmental health [4-9]. 
However, ALD was born with serious sustainability issues, especially for industrial-level 
applications. One is the low throughput defined by its nature of depositing material in atomic 
level. This issue has been extensively studied in our previous studies [10-13]. Another is the 
negative environmental impacts, largely due to the highly toxic chemicals used in ALD 
process, greenhouse gas emissions and nano-particle generations [14-16]. 
Taking Al2O3 ALD as an example, one of the common precursors, TMA, is extremely 
flammable and highly toxic, and can cause severe skin and eye damage [14, 15]. The 
un-reacted TMA molecules are purged out of the ALD system as one of the toxic wastes that 
pose a high risk to the public health and environment. The by-product, methane, is one of the 
major greenhouse gases [15]. Nano-particles can also be formed in ALD chamber, and the 
nano-particle emissions might be more hazardous to human health. These wastes and 
emissions may not be significantly noticeable in a few hundred deposition cycles in lab scale, 
but considering the large amount of dielectric materials demanded in the semiconductor 
industry, the amount of ALD wastes and emissions and their potentials to impact the 
environment can be seriously significant [15]. 
The previous studies show that ALD process features low material utilization efficiency. 
For instance, in Al2O3 ALD, only 50.4% of TMA is deposited on wafers revealed by 
experiments [14, 15]. ALD process is also shown highly energy-intensive. In Al2O3 ALD 
process, ~ 4.09 MJ energy is consumed for deposition of a 30 nm film [15]. Our previous 
experimental study on nano-particle emissions in Al2O3 ALD process shows that the total 
nano-particle emissions with diameter less than 100 nm are in the range of 6.0×105 and 
2.5×106 particles in 25 cycles of Al2O3 ALD [16]. 
This paper focuses on the gaseous material wastes and emissions in the process of Al2O3 
ALD. To be specific, the deposition process is characterized, and methane emissions in the 
process are investigated numerically and experimentally. The previously-established ALD 
numerical model is improved with detailed surface chemical kinetics and reaction mechanism 
achieved from DFT calculations [10]. The effects of four process parameters including 
temperature, pulse time, purge time, and carrier gas flow rate on deposition and material 
wastes and emissions are investigated systematically using the improved numerical model. 
 
2 Al2O3 ALD Modeling with Detailed Chemical Kinetics 
2.1 Physical Process Modeling 
As a vapor film fabrication technique, ALD is a strongly-coupled physical and chemical 
process. The physical thermal-fluid process of ALD includes momentum transport, mass 
transport and heat transfer. The modeling process is described in great detail in our previous 
papers [10, 11, 13]. The mathematical modeling equations are listed as follows. 
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where r is the density, V
v
is the velocity vector, P is the static pressure, gr v and F
v
are the 
gravitational body force and external body forces, respectively;t% is the stress tensor, ic is the 
local molar fraction of species i , iR is the net rate of production of species i by chemical 
reaction, ,m iJ
v
is the mass diffusive flux of mixture species i, k is the material thermal 
conductivity, ih is the enthalpy of mixture species i, and ,h iJ
v
is the energy diffusive flux of 
mixture species i. 
The continuity equation (1) conserves mass. The Navier-Stokes equations (2) are adopted 
to model the process of momentum transport in the gaseous flow of ALD reactor. The species 
transport process is governed by the convection-diffusion equation (3), which is coupled by 
the chemical kinetics. The energy equation (4) is modeling the overall heat transfer in ALD 
reactor. The detailed numerical model setup including the 3D geometry, meshing, and 
boundary condition definitions can be found in our previous papers [10-12]. In this paper, 
more modeling endeavors are invested in the improvement of reaction mechanism and 
chemical kinetic model. 
 
2.2 Surface Reaction Modeling 
The surface chemical kinetics of ALD is of critical importance to characterize the film 
deposition process, emissions and wastes. However, it is extremely challenging to obtain the 
detailed information regarding the surface reactions in atomic level by in-situ experimental 
characterizations [17]. With great capabilities to obtain the energetic and structural 
information about the molecular interactions that are essential to understand chemical 
reactions, computational quantum chemistry approaches such as DFT method provide a 
satisfactory alternative to study the ALD surface reaction mechanism and pathway [17]. Quite 
a few studies regarding the molecular interactions of Al2O3 ALD using DFT methods have 
been reported [17-23]. This paper takes advantage of these DFT reaction calculations and 
chemical kinetic data to improve our numerical ALD model. 
The overall Al2O3 ALD using TMA and water can be expressed as, 
 g g b g3 3 2 2 3 42Al(CH ) 3H O Al O 6CH+ Þ + ­   (5) 
where superscripts g and b represent gas and bulk (solid) species, respectively. This overall 
reaction equation cannot be directly used in the chemical kinetic model because it reveals 
nothing regarding the actual ALD pulse process in Al2O3 ALD. 
A more complex chemisorption reaction mechanism in Al2O3 ALD depicting the actual 
sequencial ALD pulse and reaction steps is modeled by following two half reactions: 
 g * * * b g3 3 3 3 2 42Al(CH ) 3OH Al-CH Al-(CH ) 3O +3CH+ Þ + + ­   (6) 
 g * * * b g2 3 3 2 43H O Al-CH Al-(CH ) 3OH +2Al 3CH+ + Þ + ­   (7) 
where superscripts * represents surface site species. These two irreversible equations reveal 
the actual Al2O3 ALD reaction sequences, and with suffient chemical kinetic information, this 
mechanism is proper to simplify and approximate the actual suface reaction and material 
deposition processes in ALD reactors [10]. However, the above two half reactions hardly 
include the knowledge regarding the elementary reaction steps as well as the kinetic 
information of ALD process, which are specially important to model the process wastes and 
emissions. 
With the aid of detailed DFT quantum chemistry calculations, much more detailed 
chemical deposition mechanism and pathway of Al2O3 ALD are proposed as illustrated in the 
following section [17-23].  
For the substrate surface initiations, in both our numerical and experimental settings, we 
use silicon as substrate, and materials are deposited on the Si (100) surface. In DFT studies, 
Si9H12 cluster is used to investigate the chemical reactivity and vibrational properties of the Si 
(100) surface [19]. 
Regarding the the initial suface species in Al2O3 ALD, Delabie et al. studied the possible 
CH3 and OH terminated surface species on silicon surface using DFT approach [21]. The 
cited work shows that the hydrolysis of the SiCH3 is kinetically unfavorable due to the five 
coordinated Si atoms in the transition state structure, which makes the following surface 
reation with water extremely difficult [21]. Their studies imply that in actual Al2O3 ALD, it is 
unlikely to have methyl-covered surface on Si (100) surface. Meanwhile, OH-terminated Si 
(100) surface reacting with TMA results in experimentally consistent results. It is reasonable 
to presume that the silicon surface is hydroxylated with OH groups initially. 
In TMA pulse step, with OH-terminated silicon suface, the ALD deposition begins by 
interacting with gaseous TMA molecules forming a bond between O and Al atoms [17-19]. 
The formation is reversible and generates an intermediate surface species as shown in 
Reaction R1. 
 
f
g * *
3 3 3 3b
R1:Al(CH ) O H (CH ) AlO H
^ ^
+ Û   (8) 
where f and b represent the forward and backward reactions, respectively, and the symbol ^
denotes the surface bond linkage with surface group. 
The above intermediate surface group *3 3(CH ) AlO H^  further proceeds to a transition 
state structure by forming a bond between the O atom and an H atom from one of the three 
methyl ligands, and finally evolves to a more stable structure with two methyl-terminated 
ligands by releasing a methane molecule. This process is represented by Reaction R2.  
 ** g3 3 3 3 3 2 4R 2 : (CH ) AlO H (CH ) AlO H (CH ) AlO CH^ ^ ^Û Þ + ­
‡   (9) 
where the superscript ‡  represents the transition state. The energy profiles of these two 
reactions can be found in the cited paper [19] . The emission of gaseous methane makes this 
process irreversible. 
The energy profile of DFT study [19] shows that the formed surface species *3 2(CH ) AlO^  
is in high energy state, and is kinetically inclined to interact with the nearby OH* group 
resulting an intermediate surface group as shown in following reaction, R3, 
 
f
* * *
3 2 3 2 2b
R 3: (CH ) AlO O H (CH ) AlO H
^ ^ ^
+ Û   (10) 
In the complex of *3 2 2(CH ) AlO H
^
, a linkage between the Al atom and the hydroxyl O 
atom is formed. A transition structure is readily formed when the stand-alone hydroxyl H 
atom is attached to one of the two methyl ligands. As a result, a methane molecule is emitted 
as shown in Reaction R4. 
 ** g3 2 2 3 2 2 3 2 4R 4 : (CH ) AlO H (CH ) AlO H CH AlO CH
^ ^ ^
Û Þ + ­‡   (11) 
At this point, much more stable species AlCH3* indicated by the energy profile terminates 
the surface species evolutions in TMA pulse step. The initial OH-terminated substrate surface 
in R1 is transformed to Al (CH3)2* by R2, and AlCH3* by R4, leaving O and Al atoms 
anchored in the formed surface structures. Since the double-methyl-mounted species (Al 
(CH3)2*) is kinetically unstable, the most part of the final substrate surface after TMA pulse is 
covered by AlCH3* with only a smaller number of Al (CH3)2*. 
For water pulse step, due to the coexistence of the two possible methyl-terminated surface 
species, the surface reaction mechanism is two-fold. In the case of the 
double-methyl-terminated species Al (CH3)2*, a water molecule is chemisorbed by the Al 
atom resulting two stand-alone H atoms as shown in Reaction R5. One of the H atoms is 
attracted by the C atom of the methyl group resulting in a temporary O-H-C linkage. The 
transitional bond is finally broken at the O-H bond leaving the surface site terminated with a 
heterogeneous mixture of OH and CH3. Presented in Reaction R6, a methane molecule is 
emitted in the process. 
 
f
* g *
3 2 2 3 2 2b
R 5 : (CH ) AlO H O (CH ) O AlOH
^ ^
+ Û   (12) 
 * * g3 2 2 3 2 2 3 4R6: (CH ) O AlOH (CH ) O AlOH CH O AlOH CH^ ^ ^Û Þ + ­
‡   (13) 
Contacting with another water molecule, the surface site further evolves to an intermediate 
structure denoted as *3 2CH O AlOHOH^  shown in the following Reaction R7. A transition 
state structure is further generated in R8 when a similar transitional O-H-C bond is formed. 
The transition state structure 3 2CH O AlOHOH^
‡ is the barrier before reaching the final stable 
OH-terminated structure.  
 
f
* g *
3 2 3 2b
R 7 : CH O AlOH H O CH O AlOHOH
^ ^
+ Û   (14) 
 * * g3 2 3 2 2 4R8: CH O AlOHOH CH O AlOHOH O Al(OH) CH^ ^ ^Û Þ + ­
‡   (15) 
With breakage of the transitional bond, a methane molecule is generated, which leaves the 
surface sites fully covered by two OH groups. The structure has no more place for extra water 
molecules, and the transformation of the double-methyl-terminated species Al (CH3)2* to 
double-hydroxyl-terminated species *2Al(OH) is finalized. 
The process of single-methyl-terminated species AlCH3* interacting with water molecules 
is similar and presented in the following Reactions R9 and R10.  
 
f
* g *
3 2 3 2b
R 9 : AlCH H O CH AlOH
^ ^
+ Û   (16) 
 * * g3 2 3 2 4R10: CH AlOH CH AlOH AlOH CH^ ^ ^Û Þ + ­
‡   (17) 
Water molecule is firstly adsorbed by the Al atom resulting in an intermediate species 
denoted as *3 2CH AlOH^ . With extra energy, the species further evolves into a transition state 
structure by forming the O-H-C bond. The excited structure is finally transformed to a 
single-hydroxyl-terminated species by emitting a methane molecule. During the process, an 
extra Al-O is formed. 
As described in the above deposition reactions R1-R10, the ALD deposition process is 
actually involved with the transformations of different surface species. TMA pulse leaves the 
substrate surface with O-Al bonds and methyl-terminated surface sites, which are further 
converted in water pulse by forming Al-O bonds leaving the surface covered by 
hydroxyl-terminated sites. Within one ALD cycle, the silicon surface is reconstructed with the 
O-Al-O bonds which reprensents a single layer of Al2O3 film. Revealed by the DFT energy 
profiles of the mechanism [18-22], the success of these atomic-level transformations heavily 
depends on the energy conditions, the availability of gaseous species and surface species. The 
reaction conditions are defined by the macro-level process parameters, such as the 
temperature, precursor distributions. 
 
2.3 Physical and Chemical Model Coupling 
With the above detailed reaction mechanism and pathway, the chemical kinetics of Al2O3 
ALD is coupled with the thermal-fluid dynamics model by chemical kinetics rate law [24]. 
The reaction rate rÂ (mol/m3s) of rth surface reaction Rr is obtained by the chemical rate 
equation(19). 
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where, G, B, and S are gaseous, bulk and surface species, ig ¢ , ib ¢ and is ¢ are the stoichiometric 
coefficients for the ith species as a reactant, ig ¢¢ ib ¢¢ and is ¢¢ are the stoichiometric coefficients 
for the ith species as a product. Ng, Nb and Ns are the number of gaseous, bulk and surface 
species involved in that specific reaction. [ ]w represents surface coverage of surface species 
and concentrations of gaseous species on the wafer surface, respectively.  
For an irreversible reaction, the reaction rate constant of rth surface reaction
 
is determined 
by the Arrhenius expression, 
 exp ar
Ek A
RT
-æ ö= ç ÷
è ø
 (20) 
where A is the pre-exponential factor, aE is the activation energy, T is temperature in K, and R 
is the universal gas constant.  
The pre-exponential factor, also known as the frequency factor represents the frequency of 
collisions between reactant molecules. It is practically unfeasible to obtain the pre-exponential 
factor empirically by experiments, and the collision theory estimation is not accurate for 
gas-solid surface interactions [25, 26]. However, the transition state theory gives more 
accurate representation of the pre-exponential factor through the Eyring equation [26]. 
Detailed derivations of the following expression for pre-exponential factor can be found in the 
cited literatures [26, 27]. 
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  (21) 
where h and kB are Planck's constant and Boltzmann's constant, respectively. 0SD
‡  is the 
change in standard entropy of forming the transition state.  
The activation energy in Arrhenius expression is the change in standard enthalpy of 
forming the transition state as following, 
 0aE H= D
‡   (22) 
The activation energy is the energy barrier which can be characterized from the energy 
profiles achieved from DFT calculations, while entropy change 0SD
‡  is evaluated through 
the equilibrium constant of forming the transition state, which is expressed as [27], 
 00 ln
HS R K
T
D
D = +
‡
‡ ‡   (23) 
where the equilibrium constant is computed using statistical mechanics methods and the 
molecular partition functions [17].  
The backward reaction constant kb in the ALD reversible reactions are evaluated by the 
equilibrium constant K, 
 fb
k
k
K
=   (24) 
The equilibrium constants pertaining to these ALD reactions are listed in the cited 
reference [17].The reaction energy data such as change of enthalpy can be found in the cited 
DFT studies [18-22]. 
With the improved ALD chemical kinetic model, three levels of four process parameters,  
temperature (150°C, 200°C and 250°C), pulse time (0.015, 0.02, and 0.025 s), purge time (5, 
10 and 15 s) and carrier gas flow rate (10, 20 and 30 sccm) are simulated to study their effects 
on the surface depostion, process wastes and emissions. 
 
3 Experiments 
Based on the same ALD system in the numerical model, experiments of characterizing the 
surface reaction process and emissions in Al2O3 ALD are carried out in the Cambridge 
NanoTech Savannah 100 ALD reactor. To benchmark the numerical model especially the 
chemical kinetics in terms of film growth rate, Al2O3 films are deposited on substrates of Si 
using 99.9% TMA and 99.0% distilled water under three levels of deposition temperatures, 
150°C, 200°C and 250°C. The ALD cycle starts with 300 seconds stabilization, followed by 
0.02 s pulse and 10 s purge procedures for both TMA and water. The Al2O3 films are 
deposited with 500 cycles, and the film thickness is characterized by the UVISEL 
Spectroscopic Ellipsometer (HORIBA, Ltd.). 
 
Fig.1  Experimental ALD system with residual gas analyzer (RGA) to characterize the methane emissions 
Spectroscopic ellipsometry is an optical technique to characterize the dielectric properties 
of thin films, e.g., complex refractive index or dielectric function. Typically, the information 
about the composition, roughness, thickness (depth), crystalline nature, doping concentration, 
electrical conductivity and other material properties of thin films can be achieved through 
ellipsometry. 
The UVISEL Spectroscopic Ellipsometry system used in our study is operated by 
measuring the change in polarization of the incident radiation (with spectral range of 
190-2100 nm in the UVISEL system) after interacting (reflection, absorption, scatter, or 
transmission) with the sample thin films. Since the detected signal is dependent of thickness 
as well as the film properties, ellipsometry is an excellent tool to determine of thickness and 
optical constants of thin films [28]. The UVISEL Spectroscopic Ellipsometer used in this 
study is capable to measure thin film thickness from 1Å to 45 µm with high precision, 
sensitivity, and resolution. 
In the proceeding of ALD cycles, an in-situ gas analyzer is used to characterize methane 
emissions in Al2O3 ALD as shown in the scheme of Fig.1. Precursors stored in separate 
cylinders are injected sequentially into the ALD chamber when the corresponding ALD valve 
is open. Si wafers with 10 mm by 20 mm are placed in the center of the chamber. A residual 
gas analyzer (Extorr XT Series RGA) is connected in the outlet after a gas particulate filter 
with 100 nm pore size filter element. RGA is a type of mass spectrometer based on 
quadrupole technology for process control and contamination monitoring, and typically used 
in high vacuum systems, e.g., ~1×10-7 torr in the Extorr XT 100 RGA system used in our 
experiments. It measures the pressure of gases by sensing the weight of each atom as they 
pass through the quadrupole mass analyzer. RGA is capable to characterize the chemical 
species involved in gas phase reactions, and it can be used to monitor the stability of the gas 
environment.  
The Extorr XT 100 RGA system can detect gases with mass up to 100 amu as well as their 
concentrations. The emissions are sampled through a capillary tube into the RGA device. In 
our specific experimental setup, due to the possible condensation of water vapor in the cooler 
outlet and RGA tubing, and considering the possible reactions of TMA waste with the 
condensed water, it is extremely difficult to accurately characterize either TMA waste or water 
vapor in our ALD system. In our experiments, we particularly focus on methane emissions. 
 
4 Results and Discussions 
4.1 Al2O3 ALD Deposition Process 
Using the reaction mechanism and the chemical kinetic model, a full cycle of Al2O3 ALD 
with 0.02 s pulse and 10 s purge is simulated with the chamber temperature 200°C. The 
contour plots of gaseous species distributions and the bulk species deposition rates in the 
entire ALD system are presented in Fig. 2 (a) and (b) at the end of the two pulse steps, 0.02 s 
and 10.04 s, respectively, and Fig.3 shows the gaseous species distributions in the full ALD 
cycle with the data probed in the center area of the ALD chamber. 
At the initial state, only carrier gas N2 exists in the chamber. As the ALD valve is open for 
TMA pulse, TMA concentration increases steadily, while N2 concentration decreases as seen 
in Fig.3. The increasing methane concentration shows the surface reaction is activated and 
material deposition is initiated. Methane concentration reaches its peak during the 0.02 s pulse 
step and declines slightly after that. The declined methane concentration is mainly due to the 
fact that the reaction rate decreases as the reactive surface sites OH* is being consumed. 
 
Fig.2  Contour plots of gaseous species distributions and the bulk species deposition rates (a) 0.02 s at the 
end of TMA pulse and (b) 10.04 s at the end of water pulse 
Methane generation rate is further decreased as the TMA pulse process ends. As TMA 
concentration declines during the purge step, the low level of methane concentration in the 
center area of chamber is maintained by the TMA residuals during the first half of purge step. 
The increasing carrier gas concentration shows that N2 dominates the chamber space again 
during the purge step. The materials are not evenly distributed in the entire ALD geometry, 
and along the flow field, the inlet area encounters the precursor flow first as shown in Fig.2. 
The material concentration in water pulse process has the similar variations as seen in 
TMA pulse step. As water is being injected into the chamber, methane concentration increases 
steadily and reaches a higher peak. In the second purge process, as water concentration 
declines promptly, much less methane can be detected in the center area. The gaseous material 
distribution variations in the center area are profoundly related to the surface species coverage 
as presented in Fig.4.  
 
Fig.3  Gaseous species distributions during the full ALD cycle 
The contour plots of surface coverage and precursor distributions in the entire ALD 
system for TMA and water pulse steps are shown in Fig.5 (a) and (b), respectively. A full 
coverage of OH* is assumed initially, and its coverage declines slightly in the first few 
milliseconds as shown in Fig.4, and deceases promptly following that, until it reaches ~ 20% 
at the end of the TMA pulse step. To be specific, 21.8% OH* species is left on the surface, 
and is further consumed in the following purge step. This indicates that within TMA pulse 
step, the surface reactions are not saturated as also shown by the contour plots in Fig.5 (a), 
especially in the outlet area. Part of surface reaction is completed during the following purge 
step. 
   Meanwhile, the two types of methyl-terminated species, Al (CH3)2* and AlCH3* are being 
generated on the surface. At the end of TMA pulse step as shown in Fig.5 (a), the majority of 
the surface area is covered by AlCH3* (~ 77.5% in the center area), while only ~ 1.7% is 
covered by Al (CH3)2*. Other intermediate surface species involved in R1-R10 has much 
lower level coverage (in the level of 10-6) as indicated in Fig.5. This is consistent with 
conclusion from DFT studies that Al (CH3)2* is not stable [19]. At the end of the first purge 
step, 98% substrate surface in the center area is covered by AlCH3* and less than 2% is 
covered by Al (CH3)2*. In water pulse, both methyl-terminated surface species are converted 
back to OH* species as shown in Fig.4 and Fig.5 (b). At the end of pulse process, ~ 96.7% 
surface sites are covered by hydroxyl-terminated species. A very small portion of surface 
reactions are completed in the second purge step. 
 
Fig.4  Surface coverage for the main surface species during the full ALD cycle 
Figure 6 presents the bulk species deposition rate correlated with precursor concentrations 
during the full ALD cycle in the center area. It’s found that the bulk species deposition rate is 
proportional to the corresponding precursor concentration. As shown in Fig.6, both of the Al 
and O deposition rates take the parabolic shape with peak values in the pulse process. This is 
due to the fact that deposition process is not only dependent on the gaseous species 
concentration, but also influenced by the reactive surface species. Although the precursor 
concentrations are increasing during the pulse steps, the increased deposition rate is balanced 
by the deceasing reactive surface sites. 
Together with the analysis of the elementary chemical reactions in the previous section, 
the full-cycle ALD simulations confirm that the processes of the chemisorption of the gaseous 
species and conversion of the surface species bulk material depositions in ALD. 
Accompanying the deposition process, methane emissions are generated, and process wastes 
are released. The actual deposition process is heavily dependent on interactions of the gaseous, 
surface and bulk species, which are essentially influenced by the process parameters such as 
temperature, pulse and purge procedures as well as the carrier gas flow rate. In the section that 
follows, these influential factors are investigated systematically. 
 
Fig.5  Contour plots of surface coverage and precursor distributions in the entire ALD system (a) 0.02 s at 
the end of TMA pulse and (b) 10.04 s at the end of water pulse 
 
4.2 Effects of Process Parameters on ALD Wastes and Emissions 
In this section, the four process parameters, temperature, pulse time, purge time, and 
carrier gas flow rate are specially investigated to explore their effects on the gaseous wastes 
and emissions. The objective of the effect studies is to minimize the negative environmental 
impacts such as wastes and emissions while maintaining a high material deposition rate in the 
concerned ALD process. 
   Temperature is an essential factor in ALD chemical process defined in the Arrhenius 
equation(20). Same as experimental settings, the inlet and outlet tubing of numerical model is 
heated to 150°C, and chamber temperature is adjusted in three levels of 150°C, 200°C and 
250°C. The effects of chamber temperature on total precursor dosage, precursor wastes and 
methane emissions are presented in Fig.7 with 0.02/10/0.02/10 s ALD cycle and 30 sccm 
carrier gas flow rate. The experimental results are also plotted in Fig.7 to benchmark the 
numerical results. It is found that precursor dosage is barely affected by the process 
temperature. In fact, precursor dosage is mainly determined by the pressure difference 
between precursor cylinder and the vacuum chamber, which is rarely influenced by the 
chamber temperature [10]. 
 
Fig.6  Correlation of the bulk species deposition rate and precursors concentration during the ALD cycle 
As described in the reaction mechanism, methane emissions are closely pertinent to the 
deposition process. The actual ALD involves both chemisorption and desorption or 
decomposition (backward reactions). Higher temperature of 200°C accelerates both 
chemisorption and desorption, but the overall effect as shown by the results in Fig.7 is the 
enhancement of chemisorption process. As a result, methane emissions are increased as 
shown in Fig.7 (a) from 150°C to 200°C. This is consistent with the film growth rate 
presented in Fig.7 (b). When the chamber is further heated to 250°C, however, the growth rate 
is shown decreased in both experimental and numerical results. 
This is largely due to the fact that the enhanced desorption process dominates over the 
chemisorption at higher temperature of 250°C. Taking Reactions R1 and R5 as examples, the 
extra energy at 250°C in the system can be sufficient to overcome the energy barriers of the 
reverse reactions which are 0.6 eV and 0.85 eV for R1 and R5, respectively [19]. This leads to 
the breakage of the formed O-Al bond in R1 and Al-O bond in R5. 
 
Fig.7  Effects of chamber temperatures on the process wastes and emissions (a) precursor dosage, 
precursor wastes and methane emissions and (b) film growth rate and precursor waste rate 
With the enhanced desorption process, surface reactions cannot proceed to form O or Al 
atom depositions on the substrate surface, and as an undesirable result, the precursor 
molecules are returned to chamber and purged out as wastes. As shown in Fig.7 (a), the total 
precursor wastes are increased at 250°C from 200°C. Presented in Fig.7 (b), the precursor 
wastes are reversely related to the deposition rate. 
The experimental data of methane emissions in 500 cycles of depositions are also plotted 
to benchmark the numerical results in Fig.7. As an overall remark on the effects of 
temperature in terms of material deposition, wastes and emissions, the results show that at 
moderate temperature of 200°C, more precursors are utilized for film depositions with the 
lowest precursor waste rate (65.4%), and in the meantime, the highest growth rate of 1.17 
Å/cycle is achieved. 
 
Fig.8  Effects of pulse time on the process wastes and emissions (a) precursor dosage, precursor wastes 
and methane emissions and (b) film growth rate and precursor waste rate 
Precursor dosage is directly proportional to the pulse time as shown in Fig.8, in which 
ALD process is simulated at three levels of pulse time 0.015 s, 0.02 s and 0.025 s with 10 s 
purge time at 200°C and 30 sccm carrier gas flow rate. Driven by the pressure difference, the 
precursor dosage in one ALD cycle is increased from 0.187 mg to 0.308 mg as pulse time is 
prolonged from 0.015 s to 0.025 s. With more precursor molecules injected into the reactor, 
the reactions are driven to the forward direction, and the reverse reactions are restrained, 
which results in more material depositions and methane generations. As shown in Fig.8 (a), 
methane emissions per cycle are increased from 4.5×10-3 mg to 6.3×10-3 mg, and meanwhile, 
the growth rate presented in Fig.8 (b) is significantly increased from 0.91 Å/cycle to 1.17 
Å/cycle when the pulse time is increased to 0.02 s from 0.015 s.  
 
Fig.9  Effects of purge time on the process wastes and emissions (a) precursor dosage, precursor wastes 
and methane emissions and (b) film growth rate and precursor waste rate 
When pulse time is further increased to 0.025 s, slight increments are seen for both 
methane emission and growth rate. In the case of 0.025 s pulse time when too much precursor 
is supplied to the substrate surface, the extra materials cannot be absorbed in a limited time, 
and are finally purged out of the system due to the possible saturation of the surface reactions. 
As revealed in Fig.8 (a), a significant increment of precursor wastes is observed at 0.025 s 
pulse. In such a condition, precursors are greatly overdosed, and this seriously deteriorates the 
sustainability performance of ALD. As presented in Fig.8 (b), the precursor waste rate is as 
high as 86.2% at 0.025 s pulse time compared to 70% of 0.02 s. Fewer precursor is wasted at 
0.015 s pulse time, but the growth rate is low, only 0.91 Å/cycle as shown in Fig.8 (b). As a 
trade-off, 0.02 s is the optimal value for pulse time which yields higher growth rate with a 
relatively higher material usage efficiency. 
Figure 9 shows the effects of purge time on the process wastes and emissions at three 
levels (5 s, 10 s and 15 s) with 0.02 s pulse time at 200°C and 30 sccm carrier gas flow rate. 
The effect of purge time on precursor dosage is very weak as shown in Fig.9 (a), while it 
increases the precursor waste especially from 5 s purging time to 10 s. With longer purge time, 
more precursor residuals in the chamber are purged by the carrier gas. As the majority of 
precursor residuals are cleaned within 10 s, there is no evident increase in the precursor 
wastes with 15 s purge. 
Methane emissions are increased from 5 s purge time to 10 s and a slightly increment is 
seen at 15 s as shown in Fig.9 (a). The similar effect of purge time on material deposition rate 
is observed in Fig.9 (b). Methane generation is positively related to the material deposition 
process, and longer purge time implies more surface reactions on the substrate surface due to 
the longer contact of precursor molecules with the surface sites. As a result, the growth rate is 
increased from 1.15 Å/cycle with 5 s purge time to 1.17 Å/cycle with 10 s. 
When the purge process is further prolonged to 15 s, the growth rate is seen at the same 
level as 10 s. This is mainly due to the fact that in the first 10 s, the majority of the reactive 
surface species has been consumed. Lack of reactive surface species has inhibited the material 
chemisorption. The material waste rate shown in Fig.9 (b) is higher in longer purge process. 
From the results in Fig.9, shorter purge process, e.g., 5 s, generates fewer precursor wastes, 
but also results in lower growth rate. With both deposition throughput and sustainability 
performance taken into account, 10 s might be the optimal choice for the purge time. 
Carrier gas flow rate affects the surface deposition process and emissions by enhancing 
the convective heat and mass transfer in ALD system as revealed by Fig.10, in which three 
levels of carrier gas flow rate 10, 20 and 30 sccm are investigated with 0.02/10/0.02/10 s ALD 
cycle at 200°C chamber temperature. As shown in Fig.10 (a), precursor wastes increase with 
higher flow rate. Total precursor wastes gathered from the outlet increase from 0.13 mg/cycle 
with 10 sccm flow rate to 0.18 mg/cycle with 30 sccm. Higher carrier gas flow rate shortens 
the contact time of precursors with substrate surface, and thus more unreacted precursor 
materials are carried out of the system. 
 
Fig.10  Effects of carrier gas flow rate on the process wastes and emissions (a) precursor dosage, 
precursor wastes and methane emissions and (b) film growth rate and precursor waste rate 
As more unreacted precursor materials are purged by higher N2 flow rate, less surface 
reaction is resulted in due to lower gaseous precursor concentrations on the wafer surface. The 
growth rate is decreased from 1.19 Å/cycle with 10 sccm carrier gas flow rate to 1.17 Å/cycle 
with 30 sccm. Methane emission also decreases due to the weakened surface reactions. 
Because more precursor molecules are purged out without reacting with the surface species on 
substrate, the precursor waste rate is seen higher at higher flow rate in Fig.10 (b). From the 
results presented in Fig.10, lower carrier gas flow rate, e.g., 10 sccm is desirable to achieve 
higher growth rate, and meanwhile restrain the precursor waste rate. 
 
5 Conclusions 
This paper systematically studied the transient deposition process and sustainability 
performance with the aid of DFT calculations of the Al2O3 ALD reaction mechanism. The 
detailed ALD surface reaction mechanism including 10 elementary surface reactions in Al2O3 
ALD process was examined and developed based on the DFT atomic-level investigations. The 
improved surface reaction mechanism with accurate kinetic data was coupled and integrated 
in the physical thermal-fluid model. Using the numerical model, the transient deposition 
process was studied and analyzed by probing the distribution variations of the gaseous, 
surface and bulk species in a full Al2O3 ALD cycle. The full-cycle ALD simulation revealed 
that the depositions of bulk material in ALD are in essence the chemisorption of the gaseous 
species and the conversion of surface species. The actual deposition process is heavily 
dependent on the interactions of these various species, which are essentially influenced by the 
process parameters. 
To explore the effects of the four process parameters of temperature, pulse and purge 
procedures as well as the carrier gas flow rate on material deposition, process wastes and 
emissions, film growth rate on Si substrate was characterized, and methane emissions were 
gathered in both actual ALD system and numerical simulation. It is found by the studies that 
ALD process has very high material waste rate, and ~ 60% precursor dosage is wasted. It is 
also concluded that methane emission is positively proportional to the film deposition process. 
Temperature fundamentally affects the ALD chemical process by changing the energy states 
in the surface reactions. Both experimental and numerical results show that moderate chamber 
temperature of 200°C results in higher growth rate and fewer precursor waste. Too high 
temperature decreases the film growth rate by enhancing the decomposition process. 
Pulse time is directly related to the precursor dosage. Longer pulse time enhances the 
deposition process, but also increases the precursor waste which as a result weakens the 
sustainability performance. Purge time and carrier gas flow rate have very weak influences on 
deposition process, wastes and emissions. Purge time influences the ALD process by 
changing the gas-surface interacting time, and high carrier gas flow rate alters the ALD flow 
field by enhancing the convective heat and mass transfer in ALD process. The effects of the 
process parameters must be considered by minimizing the process wastes and emissions while 
maintaining a high deposition rate. In many cases, a trade-off must be made in defining the 
optimal process parameters. 
As ALD is on a rapid expansion to more applications, its sustainability issues are standing 
out. This study relies on the theoretical DFT calculations to study the sustainability 
performance of the Al2O3 ALD process. Fundamental experimental investigations are strongly 
needed in understanding the transient ALD deposition process, that can provide verifying 
evidences for theoretical studies. The reactive thermal-fluid dynamic model in this study will 
be more accurate in characterizing the ALD deposition and emission process with such 
experimental data. In the meantime, novel and effective in-situ nano-particle investigation 
approaches need to be developed to study the formations of nano-wastes and nano-particles in 
ALD process.  
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